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Abstract 
High performance fiber fabrics are widely used in whipple structures to resist hypervelocity impact (HVI) of man-made debris or 
meteorites. Evaluation of the shielding performance of fabric-reinforced composites poses a great challenge when considering the local 
feature of fiber compression and damage under shock loading. A momentum diagnostic approach is developed in this paper to 
quantitatively determine the characteristics of momentum distribution of a debris cloud, which lays the basis for assessing a whipple 
shield.  
Efforts have been made to bring forward a systematic scheme for quantitative evaluation of a whipple shield. The bumper of a whipple is 
evaluated by measuring the spatial distribution of a debris cloud resulted from projectile/bumper collision. For a rear wall resisting 
discrete impacts of a debris cloud, two experimental schemes are applied consisting of micro fragments impact test to assess the material 
toughness against fragment penetrations, and planar impact test to evaluate the capability of energy absorption. Comprehensive tests were 
performed for fabric laminates and aluminum alloy coupons. It is evidenced that fabric laminates has the advantages of separating into 
fine fragments at collision speeds of 4-6km/s, and of reducing efficiently the shock intensity under a short shock pulse, not to mention its 
extremely high strength in nature. Hence, fabric laminates is of excellent selections both for a bumper and a rear wall. The experimental 
schemes being established afford a feasible way for optimization of a laminates combination.   
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Introduction 
The debris environment composed of man-made objects such as metallic fragments, aluminum oxide, etc. poses a 
realistic threat to spacecraft survivability and crew safety. Referring to the debris environment model ORDEM96, for an ISS 
type orbiter at 400 km altitude and 51.6o inclination the average debris impact speed is as high as 8.9 km/s [1]. Whipple 
structures were adopted for space orbiters consisting of a bumper, a standoff and a rear wall. To evaluate the shielding 
performance of a whipple, a vast of ballistic tests should be performed to plot its ballistic limiting curve. Different from 
ordinary ballistic penetrations with a projectile speed below 2km/s, the function of a bumper is to break up the projectile and 
produce an expanding debris cloud, and a rear wall should endure the discrete and continual impacts of a debris cloud. The 
ballistic tests on a whipple, however, only provide limited information of the structure integrity, such as a crater depth or a 
hole diameter by means of observation on a post-shock target. The assessment of the respective performances of a bumper 
and a rear wall is still remained open exclusive of those performance equations obtained phenomenologically from ballistic 
tests.  
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Material selection is of the significant concerns for an enhanced whipple. In a Stuffed Whipple and multi-shock shields, 
high performance fibers and/or their fabrics such as Nextel fabric and Kevlar cloth are widely used to get high level of 
performance in addition to losing weight [2-3]. Evaluation of the fabric and its composite materials has attracted much 
attention in the last two decades. It is known that their shielding capability is determined by the combination of fabric 
texture, fiber/matrix interface strength, and fiber performance, etc. Ogi et al. [4] characterized experimentally the damage 
behavior of three-dimensionally woven SiC/C composites. It was found that z-yarns improved the impact resistance to spall 
fracture. Katz et al. [5] investigated the response of composite materials to high-speed impact using laser-driven aluminum 
flyer at velocities from 1 to 3 km/s. With the aid of optical microscope image and ESEM images, it appeared that fiber 
debonding was the prevailing failure mechanism in damaged area of after-shock specimens. On the basis of a simple energy 
balance model, it was found that fiber/matrix interface strength determined whether new surface creation or fiber pullout 
played the leading role. Michelle et al. [6] developed an analytical model for quantifying the deformation and failure of 
composite sandwich panel subjected to high velocity impact.  
For composites under severe shock loading, due to the mismatch of fiber/matrix modulus and strength, an element cell 
consisting of fiber and matrix materials is unable to respond homogeneously and localization prevails in such short shock 
duration of several micro seconds. The interpretation and categorization of the feature of shock responses depend on in-situ 
diagnostic technologies in combination with numerical simulations to reproduce properly the shock process of composite 
material in view of its nonhomogeneous responses in nature. For fabrics used in a bumper and a rear wall, dissimilar 
damage patterns prevail. The functions of a bumper and a rear wall demand for different performance index, and therefore 
associated experimental approaches for performance evaluation. 
In this paper, we describe in brief the recent work at Institute of Fluid Physics (IFP) of China Academy of Engineering 
Physics with an endeavor to interpret the shock behavior of fabric laminates. It involves a computational model built in line 
with the configuration of fabrics in matrix materials, and experimental work conducted on fabric laminates to determine 
preliminarily the material properties in computation. The difficulties in reproducing precisely the experimental results 
illustrate in fact the nonhomogeneous and local feature of material shock compression and damage. The experimental 
schemes for quantitative evaluation of a bumper and a rear wall of a whipple are introduced thereafter in addition to useful 
knowledge gained in these experiments. 
2. Shock response of fabric laminates 
In view of the mismatch of fiber/matrix modulus and strength, strong localization prevails in composite materials having 
mesoscale textures under shock loading. The local behavior of compression and damage being implicated in the measured 
signals such as free-surface velocities can only produce a small deviation from Hugoniot data (usually less than 5% at high 
pressures), and specially designed experiments are required to pick out the information of material mechanical properties 
and damages. A ramp unloading following a strong shock is preferred to produce a magnified signal of the local feature of 
shock response and subsequent damages. 
 
Fig. 1. Schematic of experimental configuration. 
Experiments are performed using the electric gun at IFP [7]. Fig.1 shows schematically the experimental configuration 
for hypervelocity impact (HVI) tests. A cover layer of mylar is bonded over the top of the bridge foil. As the plasma 
produced by the expansion of a bridge foil drives the mylar film upward, the gun barrel mounted above cuts out a bore-sized 
flyer. A Doppler laser interferometer is used to measure in-situ the velocity profile of specimen free surface. Once the 
498   Song Zhen-Fei et al. /  Procedia Engineering  58 ( 2013 )  496 – 507 
specimen is impacted normally by a thin flyer plate, a ramp unloading immediately following a peak shock is resulted due 
to the release wave from the flyer free surface. 
The carbon fiber reinforced polymers (CFRP) to be tested is made up of fabric cloths being laminated layer on layer and 
then cast with epoxy resin. The volume faction of fabrics varies in the range from 45% to 50%. TOREY T300 carbon fiber 
is used having the density of 1.77g/cm3 and fiber strength of 2.3GPa. Table 1 gives properties of CFRP composite 
specimens including the elastic modulus and strength determined from static tests. 
                                    Table 1. Mechanical properties of CRF composite specimens 
modulus/GPa 
Shear 
modulus/GPa 
Tensile 
strength/MPa Poisson Ratio 
Shear 
strength/MPa Density/g.cm-3 
E1=E2 E3 G12 G23=G13 1= 2 3 23= 13 12 13= 23 12 
1.6 
46.0 8.9 3.5 4.8 504 40 0.29 0.06 65 48 
 
Planar plate impact tests are conducted for a CFRP specimen with a mylar flyer plate 0.1mm in thickness at a velocity of 
9.0km/s. A 10- m-thickness aluminum film is coated on the specimen free surface as the laser reflection surface. Fig.2(a) 
and 2(b) display the measured free-surface velocities of CFRP specimens for 3-mm-thickness and 7-mm-thickness 
respectively. The peak free-surface velocities are, respectively, 1850m/s and 850m/s, representing the compression property 
of CFRP. The subsequent variation of velocities, however, corresponds to the motion of a superficial layer where 
delamination had occurred. 
 (a)              (b)  
Fig. 2. Measured free surface velocity profiles: (a) 3-mm-thickness CFRP and (b) 7- mm-thickness CFRP. 
 
Fig. 3. Measurement of shock properties of CFRP with a sapphire window. 
In order to measure the mechanical responses of CFRP through unloading, a sapphire window 5mm in thickness is used 
as shown in Fig.3. Different from free-surface velocity profiles in Figs.2, velocity vibrations prevail in Fig.4 partly due to 
the mismatch of sound impedances between fabric and epoxy resin. As will be illustrated in following simulations, 
mechanical properties including damage accumulation are also implicit in the characteristic of velocity vibrations. 
Considering the nonhomogeneous feature of CFRP shock response, numerical simulations are required to interpret 
properly the measured velocity profile. The smoothed particle hydrodynamics (SPH) method that is considered fit for HVI 
is used in this paper. Different from traditional approach in which an element cell is depicted as a combination of fabric and 
matrix material, we rebuild respectively the fabric and matrix material using SPH particles for purpose of representing the 
local characteristics of material shock responses. As shown in Fig.5, the fabric is woven by bunches of fibers in two 
dimensions. In the computational model every bunch of fibers is simplified to be composed of SPH particles with forty 
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particles on its cross-section. Transversely isotropic constitutive relation is adopted. It avoids the difficulty in constitutive 
description of anisotropic composite materials. To take into account the individual behavior of a fiber within a bunch, the 
constitutive relation for a bunch of fibers is written in an approximate form: 
 
Fig. 4. Measured velocity profile on CFRP/Sapphire interface for 7-mm-thickness CFRP. 
(a)                        (b)  
Fig. 5. A computational model for CFRP composite: (a) rebuilding of a fabric cloth and (b) filling with epoxy resin. 
/(1 )micro f
                                                                               
(1) 
/micro micro E
                                                                        
(2) 
in which micro and micro denote inside stress and strain of fibers, and  is longitudinal stress applied on a fiber bunch. The 
damage accumulative variable f denotes the volume fraction of fractured fibers, and a prescribed random strain of  controls 
the damage rate of fibers, i.e., the growth function of f. 
Once the fabric laminates are built, SPH particles for epoxy resin are filled in remained domain as shown in Fig.5(b). 
Considering that shock pressure is about two orders in magnitude higher than fiber/matrix interface strength, no special 
treatment is made for interface particles in this preliminary and simplified model. 
The computed velocity profile for a 7-mm-thickness CFRP using classic failure criterion of maximum tensile stress 
damage is given in Fig.6(a). Mechanical properties used in computation are E = 234GPa,  = 2.1GPa for fiber bunches, and 
G = 1.6GPa,  = 100MPa for epoxy resin which are obtained directly from open literature. An agreement on the peak 
velocity between experiment (Fig.2) and simulation denotes that shock Hugoniot dominates in compression state of high 
pressure. Referring to Fig.2(b), obvious difference, however, is found for velocity signals during unloading. Mechanical 
properties, especially the evolution of damages, are supposed to prevail in such condition. A corrected damage criterion is 
proposed for epoxy resin. When hydro pressure is higher than a prescribed value, say Pc, the shear modulus of epoxy resin 
is set to be 20% of its initial value and meanwhile the shear stresses are cleared off on the presumption of shear induced 
damage. Entire failure occurs once the hydro pressure falls below Pc again. Since carbon fibers damage in a fragile pattern 
at higher stress, no special treatment is made. Fig.6(b) exhibits the computed velocity profiles using above pressure-
dependent damage criterion. It is seen that the characteristics of velocity vibration accord approximately with those of 
experiment results shown in Fig.2(b). In comparison with Fig.6(a), better agreement is found with use of the corrected 
500   Song Zhen-Fei et al. /  Procedia Engineering  58 ( 2013 )  496 – 507 
damage model. However, the level of computed velocity profile is still totally lower than that of experiment measurement.  
It is concluded from above simulations that the velocity history following a shock peak contains plentiful information of 
damage nucleation at compression and damage evolution in the process of unloading. The determination of an accurate 
damage model still demands for systematic experiments in the future in addition to the interpretation and reproducing of the 
shock process by simulations. 
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Fig. 6. Computed velocity profile on CFRP/Sapphire interface for 7-mm-thickness CFRP: (a)classic failure criterion of maximum tensile stress  and 
(b)pressure-related damage criterion. 
3. Evaluation of shielding performance of a bumper 
The function of a bumper for a whipple is to produce expanded debris cloud consisting of full fragmented particles when 
impacted by a hypervelocity projectile. Hence, the shielding performance of a bumper depends on the spatial spread of a 
debris cloud while moving across the standoff of a whipple. Ballistic tests on a whipple, however, cannot afford quantitative 
information about cloud spread. Numerous simulations were performed in the open literatures using Euler solver or SPH 
methods to explore the fragment size and its spatial distribution in a debris cloud. Numerical analyses are still required to be 
validated strictly by experiments considering the complicated process of fragmentation. 
(a)                (b) 䢢
Fig. 7. Schematics of the momentum diagnostic: (a) a momentum receptor and (b) multi-cells diagnostic system. 
A diagnostic technology for momentum measurement is currently in development at IFP. As shown in Figs.7, a 
diagnostic cell includes a sapphire receptor which incepts the momentum of arrived fragments, and Doppler laser velocity 
interferometer which outputs velocity history of a reflection film coated on the receptor. Different from previous approaches 
of Asay Window and witness plate, the spatial distribution of a debris cloud can be determined by means of multiple 
diagnostic cells spatially distributed as many as necessary. The single-crystal sapphire has extremely high yielding strength 
so as to ensure that a receptor operates in a state of one-dimensional plane stress. 
Referring to ballistic limits for a whipple with an aluminum alloy bumper [1], the shielding performance is worst at 
projectile speeds of 3-4km/s. As is well known, both the bumper and projectile are unmelted at shock compression in such 
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condition. It leads to a conglomerate of dense fragments. Momentum distribution of the debris cloud is approximately 
measured by means of aforementioned multi-cells diagnostic system. Experiments were performed on two-stage light gas 
gun with a 2024 alloy bumper 5mm in thickness and a spherical project 15mm in diameter at a velocity of 4.3km/s. Six 
diagnostic cells are placed in a plane normal to collision direction with a distance of 175mm from the bumper. The sapphire 
receptor has the dimensions of 3mm in diameter and 2mm in thickness. Figs.8 give two of measured velocity profiles with 
eccentric distances of r = 10mm and 40mm, respectively. In view of the unexpanded debris cloud consisting of fragments of 
a bumper and a projectile, shock wave is generated propagating through the sapphire receptor. Accurate determination of 
the momentum that fragments carried is unreachable by reversion algorithm in this case. However, it affords quantitatively 
an approximation of the momentum distribution of a debris cloud. For a receptor with given distance L from the 
target/projectile collision spot, the speed of arrived fragment is computed instantaneously from L/t where t is a time interval 
for a fragment to traveling. Once the fragment velocity is known, the average mass density can be computed from measured 
momentum. Without going into details, in Fig.8(a) at r = 10mm, the fragment speed of the first arrivals is computed to be 
about  3.5km/s, and their average density is as high as 1.5g/cm3; in Fig.8(b) at r = 40mm, the average density is only 
0.1g/cm3. 
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Fig. 8. Measured free-surface velocity profiles for a 2024 alloy bumper with momentum receptors at: (a) r=10mm and (b) r=40mm. 
Fabric laminates are supposed to enhance the performance of debris cloud expansion. Experiments are performed on 5-
mm-thickness CFRP specimens consisting of 20 layers of fabric cloths laminated layer on layer with epoxy resin. Fig.9 
displays two of obtained velocity profiles in the same testing condition as before. At the diagnostic spot of r = 10mm the 
fragments speed of the first arrival is computed to be about 3.9 km/s with an average density of 0.5g/cm3; and at r = 40mm 
the average density is 0.3g/cm3. Referring to the velocity profiles for a 2024 alloy bumper, it clears that the temporal 
expansion of a debris cloud gets improved at the center by comparing Fig.9(a) with Fig.8(a), and accordingly the spatial 
distribution of a debris cloud gets broaden by comparing Fig.9(b) with Fig.8(b). It reveals an improved performance of 
debris expansion for a CFRP bumper. 
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Fig. 9. Measured free-surface velocity profiles for a CFRP bumper with momentum receptors at: (a) r=10mm and (b) r=40mm. 
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HVI tests are also performed using electric gun at IFP to launch a 0.2-mm-thickness mylar flyer at a velocity of 10km/s. 
It affords an easy way to evaluate the performance of fabric laminates as bumper materials. A photograph of the debris 
cloud momentum diagnostic setup on an electric gun is shown in Fig.10(a). A twofold fabric reinforced aluminum matrix 
composite is prepared as shown in Fig.10(b). Fig.11 displays measured sapphire free-surface velocity profiles using 
momentum receptors located in a plane with a distance of 13 mm to the tested specimen. For a mylar flyer with a radius of 
5mm, a debris cloud resulted from flyer/target impact gets considerable radial expansion. It covers the measure spot at r = 
6mm which intercepts debris momentum half of that of central spot though under a planar impact condition. 
(a) (b) 
Fig. 10. Schematic of momentum measurement of a debris cloud on electric gun: (a) view of the momentum diagnostic setup and (b) twofold fabric 
reinforced aluminum matrix composite. 
(a)               (b)  
Fig. 11. Measured free-surface velocity profiles for a fabric-reinforced al. matrix composite bumper with momentum receptors at: (a) central spot and (b) 
r=6mm. 
(a) (b)  
Fig. 12. Computed free-surface velocity profiles being an counterpart of that of Fig.12(a) with use of different material models: (a) equation of state (EOS) 
only and (b) tensionless failure criterion. 
In addition to the debris momentum that we can obtain from velocity signals, the measured velocities provide the most 
direct way to assess the validity of a computational model. Similar to CFRP as shown in Fig.5, carbon fiber fabric and 
aluminum matrix material are rebuilt respectively in a computation model using SPH particles. Sapphire receptors are 
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placed in computations at the same positions as experiments. Fig.12 exhibits the computed velocity history with different 
material models. Due to the limit of computation resource, the size of a SPH particle is 25μm with 1.8 million particles in 
amount. However, it is still beyond the capability of describing the process of material fragmentation. In Figs.12 the initial 
steps of a velocity profile reveal an untrue constraint on fragmentation due to nonseparation of a SPH particle in 
computations. Exclusive of the velocity steps, the selection of a damage model obviously affects the computed profile. 
Referring to experiment data, Fig.12(a) gives better results without use of a damage criterion . Due to the tensile instability 
of SPH methods, the tensionless failure criterion leads to excessively expanded debris cloud. 
Figs.13 give measured velocity profile and its counterpart of computations for 2024 alloy target with a thickness of 1mm. 
The computed velocity steps resulted from first arrived fragments are both higher than that of experiment. It is also due to 
limitation of the particle size (25μm in such case) below which the complicated processes of fragmentation are unreachable. 
However, Fig.13(c) exhibit comparatively better results when tensionless failure criterion is adopted. A proper model being 
adopted in computations is of essential to describe the main feature of debris expansion. The selection of a damage criterion, 
for instance, should consider comprehensively the mesh size, materials type, and the dynamic solver, etc. 
(a)  
 (b) (c) 
Fig. 13. Velocity profiles of sapphire free-surface at a central spot with a distance of 13mm from a 2024 alloy bumper: (a) measured velocities (b) 
computed velocity with EOS only and (c) computed velocity using tensileless strength criterion. 
 (a)    (b)  
Fig. 14. Comparison of measured velocity profiles between a 2024 alloy bumper and a carbon fiber-reinforced composite bumper with a distance of 18mm 
from the tested bumper: (a) at central spot and (b) at r = 6mm. 
The performance of 2024 alloy and fabric reinforced composite as bumper materials can be compared directly from the 
measured velocity profiles. In Figs.14 the sapphire receptors are 1mm in thickness with a distance of 18mm from the 
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bumper. Both specimens have the same areal density. At central spot, the temporal expansion of a debris cloud is adequate 
for both materials. In Fig.14(b), it is seen that the fabric laminates has better performance in debris cloud spatial expansion. 
Efforts are still required to get longer and stable output of velocity signals by means of improvement in receptor design. 
4. Evaluation of shielding performance of a rear wall 
The function of a rear wall (or stuffed layers) of a whipple is to resist discrete and continual impacts of fragments and 
meanwhile to absorb fragment momentum via large deformation. Two schemes are adopted in this work to evaluate the 
shielding performance of a rear wall. 
To begin with, we assess the material resistance to high speed impacts of a debris cloud in the duration of several 
microseconds or longer. To meet the requirement of experiments, the distribution of a debris cloud should be determined 
quantitatively at first. Fortunately, the momentum diagnostic system is capable of describing quantitatively the temporal and 
spatial distribution of momentum of a debris cloud. Figs.15 give measured velocity profiles for a debris cloud emitted 
directly by electric gun. It is accomplished by placing a 2-mm-thickness lamina, composed of aluminum powders laminated 
with 5% epoxy resin under high pressure, upon the mylar film as shown in Fig.1. Once the bridge foil is exploded, the 
plasma produced will drive the lamina and break up it into powders. By means of selection of the type and the size of 
powders, barrel length, and lamina thickness, etc., we are capable of launching a debris cloud with known character. It 
affords an experimental way to assess the integrity of materials under debris impacts. 
(a)     (b)  
Fig. 15. Measured velocity profiles of sapphire free surface for debris launching experiment by an electric gun: (a) at central spot and (b) at r = 6mm. 
(a)       (b)  
Fig. 16. Evaluation of a 2024 alloy rear wall subjected to discrete debris impacts: (a) experimental scheme and (b) measured free-surface velocity profile. 
An alternative approach is adopted in Fig.16 to assess the performance of a rear wall resisting discrete debris impacts. A 
debris cloud is generated directly by the collision of a 10mm 0.15mm myler flyer with a 0.5-mm-thickness aluminum 
plate. A coupon is placed after the aluminum plate with a distance of 20mm. Fig.16(a) gives measured free-surface velocity 
profile for a 1-mm-thickness 2024 alloy plate under debris impacts. At the moment of t = 13.2 s, the interference signal of 
Doppler laser interferometer begins to disappear. It is concluded that the free surface of the coupon (a rear wall), also as 
laser reflection surface, has been destroyed at this moment. Considering that the displacement of the free surface is smaller 
than 0.12mm at t = 13.2 s, large deformation such as bulging is still under development. It is due to lack in hardness that 
results in penetration damage of a thin 2024 alloy coupon. Hence, the discrete impacts of a debris cloud may produce extra 
damages and could not be treated in most cases as continuously applied boundary conditions in simulations. The Nextel 
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fabric, however, would have great resistance to HVI of a debris cloud owing to its extremely high hardness. 
To avoid uncertainty of a ballistic test as well as its high cost, planar plate impact test can be adopted alternatively to 
evaluate the performance of a rear wall in energy absorption. Electric gun has the advantage of launching a thin flyer plate 
above 10km/s with definite state and shape. The shock pulse resulted from flyer/target impact has an initial duration of 
about 20 ns, and soon reduces to a triangular pulse when propagating through the target due to the release wave emitted 
from flyer free surface. Exclusive of the superficial penetration by hypervelocity fragments as discussed before, it applies to 
simulate experimentally the response of a rear wall against HVI of a debris cloud, i.e., shock compression and subsequent 
large deformation.  
A 5-mm-thickness rear wall of 2024 alloy is normally impacted by a flyer plate at 7.2 km/s. Fig.17(c) exhibits the 
measured free-surface velocity profile in which the peak velocity is as high as 1.1 km/s. The tensile stress resulted from 
reflection of a triangular wave from target free surface is beyond the spall strength of 2024 alloy. The velocity pullback after 
the peak velocity is a typical indicator of the spall damage as observed in post-shock specimen shown in Fig. 17(a).  
(a)     (b)   (c)  
Fig. 17 Planar plate impact test on a 2024 alloy rear wall at a collision speed of 7.2km/s: (a) view of free surface, (b) side view and (c) measured free-
surface velocity history. 
(a)               (b)  
Fig. 18 Damages of the post-shock laminate 2Al/C/2Al: (a) view of free surface and (b) side view. 
For a thin rear wall under HVI, the extremely high kinetic energy concentrated in shocked zone is difficult to be absorbed 
by means of large deformation. 2024 alloy sheets sandwiched with CFRP are prepared with various stacking forms of 
2Al/C/2Al, Al/2C/2Al, and Al/C/Al/C/Al where Al and C represent 2024 alloy and CFRP respectively, and number 2 
denotes the thickness of 2mm. All specimens have the same thickness of 5mm. For a mylar flyer plate having the 
dimensions of 10mm 0.15mm, both of the sandwich laminates are perforatedly damaged at a collision speed of 9km/s as 
shown in Figs.18 and Figs.19. The five-layered laminate Al/C/Al/C/Al endures HVI of a flyer plate without through 
perforation as shown in Figs.20. Note that the side cuts appeared on the specimen free surface are resulted from a laser pin 
support for velocity diagnostics.  
The in-situ measurement of free surface velocities reveals instantaneous responses of a laminates specimen under shock 
loading. Fig.21(a) and Fig.21(b) exhibit the free surface velocity profiles of sandwich laminates 2Al/C/2Al and Al/2C/2Al, 
respectively. The peak velocities are 700 m/s and 650 m/s, respectively, both lower than that of an alloy panel at a smaller 
impact speed as shown in Figs.17. It is seen that sandwich laminates are capable of reducing efficiently the shock intensity 
resulted from a flyer impact. Fig.21(c) gives the free surface velocity profile for five-layered laminate Al/C/Al/C/Al. The 
peak velocity is further reduced to 510 m/s on account of the introduction of two more interfaces relative to a sandwich 
laminate. 
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(a)          (b)  
Fig. 19 Damages of the post-shock laminate Al/2C/2Al: (a) view of free surface and (b) side view. 
(a)       (b)  
Fig. 20 Damages of the post-shock laminate Al/C/Al//C/Al: (a) view of free surface and (b) side view. 
(a)   (b)   (c)  
Fig. 21 Measured free-surface velocity profiles for rear walls of laminate panels: (a) 2Al/C/2Al,(b) Al/2C/2Al and (c) Al/C/Al/C/Al. 
It is concluded that the degree of shock damage is correlated with the level of the free surface velocity profile once a rear 
wall is impacted by a hypervelocity plate. The peak velocities in decreasing sequence are 700 m/s for 2Al/C/2Al, 650 m/s 
for Al/2C/2Al, and 510 m/s for Al/C/Al/C/Al, revealing a decay of the damage extent in the central shocked zone. For 
instance, the laminate 2Al/C/2Al suffering a high velocity peak indicates spall fracture, and a big hole is seen on its 
backsheet. Note that the spalled film may carry away a few of kinetic energy ahead of the processes of bulging deformation 
and perforation. Moreover, the level of a velocity plateau is correlated with the extent of bulging deformation due to 
concentration of remained kinetic energy. For tested rear walls 2Al/C/2Al, 2Al/2C/Al, and Al/C/Al/C/Al, the magnitude of 
measured velocity plateaus are, respectively, 480 m/s, 460 m/s, and 450 m/s. A widen bulge is found for the latter revealing 
a mitigation of the energy concentration. 
By request of low areal density and less thickness, a rear wall to resist HVI of a debris cloud should endure shock loading 
accompanied by extremely high kinetic energy. The competition between plastic deformation and perforation is dominated 
by the rate and magnitude of the concentrated kinetic energy. To avoid the uncertainty in observations of a hole diameter 
and a bulge height, the planar plate impact test in combination with in-site free-surface velocity measurement provides a 
feasible way for quantitative evaluation of a rear wall performance.  
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5. Conclusions 
The ballistic tests on a whipple answer whether the rear wall is penetrated or not, mostly from engineering consideration. 
It provides only finite information about the structure integrity, such as a crater depth or a hole diameter by means of 
observations on a post-shock target. In this paper we describe recent development at IFP in an endeavor to establish 
quantitative approaches for assessing a whipple shield. It lays the foundation for structural optimization, and also is of 
valuable to explore in depth the mechanism of material shock response and damage. 
The local behavior of material compression and damage may produce only small deviation from Hugoniot data in high 
pressure compression. Planar plate impact tests using electric gun, however, can generate a ramp unloading following a 
strong shock. It is capable of obtaining magnified signals of the local feature of shock response and subsequent damage 
evolution. Simulations reveal that the measured velocity history following a shock peak contains plentiful information of 
damage nucleation at compression and damage evolution during unloading. The determination of an accurate damage model 
still demands for systematic experiments in the future and also the interpretation and reproducing of the shock process by 
simulations. 
A momentum diagnostic approach is developed in this paper to quantitatively determine the characteristics of momentum 
distribution of a debris cloud. It enables quantitative evaluation of the bumper and the rear wall of a whipple when 
considering the fact that a debris cloud is the tie connecting a bumper and a rear wall as well as a standoff between them. 
The shielding performance of fabric reinforced composites is studied experimentally and numerically from the viewpoint of 
a bumper and a rear wall respectively. It is found that the fabric laminates may have excellent performance by direct 
comparison with aluminum alloy. The experimental schemes established herein afford a convenient way to selection of an 
optimized combination of fabric laminates. On the other hand, the interpretation of measured distribution of a debris cloud 
aids the understanding of structure fragmentation which is generally accompanied by phase transformation, large 
deformation, defect interactions, etc. 
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